The carotenoid compound crocetin has been shown to increase oxygen diffusivity in vitro. In the present study the effect of crocetin on tissue oxygenation was examined in the cerebral cortex of rats subjected to hemorrhage. Twelve male Sprague-Dawley rats were anesthetized with pentobarbital and ventilation was con trolled (PaC02 = 33 mm Hg). A craniotomy was per formed and the animals were hemorrhaged (20% of esti mated total blood volume). Six of 12 animals then re ceived a bolus of crocetin (2 U in 0.1 ml saline); the remaining animals received saline (0.1 ml i. v. ) only.
Brain function is especially dependent on aerobic metabolic pathways because brain cells combine a high rate of oxygen utilization with relatively low energy reserves (Siesjo and Nordstrom. 1977) . Ce rebral hypoxia readily produces impaired cellular function and can result in cell death. Possible causes of a restricted oxygen supply to the brain are manifold and include reduced or maldistributed blood flow, reduced oxygen-carrying capacity of ar terial blood due to anemia or hypoxemia, and in creased diffusion distances for nutrient exchange (e.g., in edematous tissue or during uneven distri bution of blood flow after vascular embolization).
The transport of oxygen from the intravascular space to the tissue involves the process of diffu sion. Improved diffusivity of oxygen could increase oxygen availability to cells, especially when diffu sion distances are increased or concentration gra dients for oxygen are decreased. Crocetin (8,8' -di- at � 170 locations in the parietal cerebral cortex of each rat by a platinum-oxygen microelectrode technique. Re sults were compared by P,02 frequency histograms. Cro cetin as compared with saline treatment resulted in a right shift of the P,02 frequency distribution and a signifi cant decrease in the frequency of occurrence of low P,02 values. The average of individual median P,02 values was significantly greater in crocetin-treated animals as com pared with those receiving saline (7.6 ± 1.7 vs. 3.2 ± 1.2 mm Hg. respectively). The results suggest that the carot enoid compound crocetin improves tissue oxygenation in the cerebral cortex of hemorrhaged rats. Key Words: Brain-Crocetin-Hemorrhage-Microelectrode-Ox ygen-Rat. apocarotene-8,8' -dioic acid) has been shown to increase oxygen diffusion in vitro (Gainer and Brumgard, 1982) , and it has been used in experi mental studies of atherosclerosis (Chisholm and Gainer. 1974), emphysema (DiLuccio and Gainer, 1980) , spinal cord injury (Gainer, 1977) , and cere bral edema (Gainer and Nugent, 1976) , among others. In these studies the apparent effect of cro cetin was to increase oxygen diffusion in vivo, but direct evidence of improved tissue oxygenation was not reported.
The present study was designed to determine if crocetin increases cerebral oxygenation in hemor rhaged rats. Hemorrhage was employed because it was presumed that hypovolemia would alter the microvascular blood flow distribution and increase diffusion distances for oxygen, thus making diffu sion even more important during such circum stances. The magnitude of blood loss was pur posely modest in order not to create severe alter ations in tissue oxygenation that might not respond to any treatment (e.g., a lethal hemorrhage pro tocol).
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METHODS
Tw elve male Sprague-Dawley rats (body weight 248 ± 8 g) were anesthetized with pentobarbital (50 mg kg-I i.p.); supplements (30% of the initial dose) were given at � 30-min intervals to maintain stable anesthesia. The an imals were intubated via a tracheostomy and paralyzed with pancuronium bromide (I mg kg-I i. v.). Ventilation was controlled with a rodent respirator (Harvard Bio science, South Natick, MA, U.S.A.) to maintain arterial Peo2 values between 30 and 35 mm Hg. The inspired ox ygen concentration was 21%.
Polyethylene catheters (PE-50) were placed in the left femoral artery and vein. MABP was recorded contin uously using a standard pressure transducer (Statham In struments, Hato Rey, Puerto Rico). Rectal temperature was maintained at 36-38°C by a heat lamp.
The animals were placed in a stereotaxic head holder (David Kopfinstruments, Tu junga, CA, U.S.A.); a 3-mm burr hole was placed 4 mm posterior and 3 mm lateral to the bregma and the dura was exposed. A platinum tissue oxygen microelectrode (tip diameter 1-2 fLm) (Silver, 1965) , was polarized with 0.7 V negative to a silver silver chloride reference electrode, and the generated current was measured with a sensitive picoammeter (Keithley Instruments Inc., Cleveland, OH, U.S.A.). The electrode was positioned 300 fLm below the brain surface initially. Blood, 1.2 ml per 100 g body weight (�20% of total blood volume), was then withdrawn gradually over to min. At the end of hemorrhage, animals were treated with a bolus of saline (0. I ml i. v.) or crocetin (2 U in 0.1 ml saline); the investigators were blinded to the specific treatment (an assistant administered the solution without informing the investigator of its contents).
Previous in vitro experiments have shown that crocetin enhances oxygen diffusivity over a specific concentration range (Gainer and Brumgard, 1982) , and clearance rates of crocetin from the blood of rats have been established (McIntosh, 1979) . Based on those data, and the amount of crocetin injected as a bolus, the maximum effect on tissue oxygenation should have occurred after 30 min. Therefore, 30 min later a series of mUltiple tissue oxygen tension (P,02) measurements were performed in each an imal to estimate the P,02 profiles with each treatment. The oxygen microcathode was advanced in to-fLm in tervals through the parietal cerebral cortex by an elec tronically controlled microelectrode holder (Burleigh In struments Inc., Fishers, NY, U.S.A.). The electrode was positioned at each location for 9 s, and local P,02 was recorded at � 170 sites (over a distance of 1.7 mm) in each rat. Electrodes were calibrated in situ by ventilating the animal with 100% nitrogen (zero oxygen value) at the end of each experiment and then in saline equilibrated with air. The zero oxygen value was obtained when the cur rent had stabilized at a minimum value; two points were adequate to calibrate the electrodes because these micro cathodes gave a linear response to oxygen over a range of values that exceeds those that occur in tissue.
Arterial Po2, Peo2, and pH values were measured with a standard blood gas analyzer (Radiometer BMS Mark II; Radiometer America, Inc., Westlake, OH, U.S.A.) be fore and after the P,02 determinations, and the average value of both determinations was used for statistical cal culations. Hematocrit values were determined at the end of each experiment by the micromethod.
Crocetin was extracted from saffron as described pre- 1986 viously (Isler, 197Ia) . To prepare the crocetin solutions for the test animals, 0.4-0.5 g of the dried crocetin was slurried with a solution of 2 N NaOH. Distilled water was added while stirring to dissolve all the material. Freshly prepared solutions were used for the experiments as it is possible for isomerization to occur after crocetin is in so lution (Isler, 197Ib) . Concentrations of crocetin are ex pressed in units. One unit is the amount of crocetin per milliliter of aqueous solution at a pH of 8 that produces an absorbance of I at the visible wavelength of 445 nm. Two units, or �50 nmol, of crocetin was injected in each treated rat. P,02 frequency histograms and the median P,02 of each histogram were determined for each animal and then combined for all animals within each treatment group. Statistical analyses of arterial pressure, blood samples, and P,02 median values were performed using Student's two-sample t test. The Kolmogorov-Smirnov test (Sokal and Rohlf, 198 1a ) was used to compare P,02 frequency histograms. Values for skewness and kurtosis, param eters that describe the asymmetry of a distribution curve, were calculated by standard procedures (Sokal and Rohlf, 198Ib) . The X 2 test was used to compare the values for cumulated P,02 frequencies between saline-and cro cetin-treated animals. Data are presented as means ± SEM or as percentages of the total observed Pto2 values. Significance was accepted for p < 0.05.
RESULTS
Results for MABP and arterial blood values were combined for all animals because there were no dif ferences between treatments for these parameters. These values were as follows: MABP 79 ± 3 mm Hg; Pao2 76 ± 1 mm Hg; Paco2 33 ± 1 mm Hg; pH 7.36 ± 0.02; hematocrit 39 ± 1%. The effects of saline or crocetin treatment on the cerebral oxy genation are illustrated in Figs. 1 and 2. Crocetin treatment resulted in an increased average median Plo2 value (7. 6 ± 1. 7 mm Hg) as compared with that in untreated rats (3.2 ± 1.2 mm Hg), owing to fewer PP2 values in the least range and more values in the greater PP2 ranges. This relative right shift of the PP2 frequency histogram was evidenced by re duced skewness (indicating a more Gaussian distri bution) and kurtosis (indicating less of a peak in the curve) for the histograms of those receiving cro cetin (Fig. 1 ). Tr eatment with crocetin was asso ciated with fewer Plo2 values in the least Plo2 range (Fig. 2) . The cumulative frequencies of PP2 values in all ranges from 0-1 through 0-10 mm Hg were significantly reduced in animals receiving crocetin as compared with those in rats receiving saline (Table 1) .
DISCUSSION
The striking finding of this investigation was that crocetin treatment significantly increased tissue ox ygen tension in the cerebral cortex of hemorrhaged rats. The possibility that crocetin might increase tissue oxygenation in circumstances of limited ox ygen availability is apparent from previous reports. It has been demonstrated that treatment with cro cetin increased oxygen tension in the arterial blood of rats with chemically induced pulmonary emphy sema, presumably by increasing the diffusivity of oxygen across the alveolocapillary membrane (Di Luccio and Gainer, 1980) . In cats, administration of crocetin resulted in a significant decrease in the ex tent of brain vasogenic edema caused by thermal lesions, presumably as a result of improved tissue oxygenation (Gainer and Nugent, 1976) . In rabbits fed a diet that produced atherosclerosis, the admin istration of croce tin reduced the extent of athero sclerotic lesions (Chisholm and Gainer, 1974 ) that may result from hypoxia at the blood-tissue inter face in the vessel lumen (Kjeldsen, et aI. , 1968) . However, direct evidence that crocetin increases tissue oxygen tension in vivo has not been reported to our knowledge. The mechanism by which crocetin might alter tissue oxygenation was not addressed in the present study. It has been proposed that crocetin increases the diffusivity of oxygen through plasma by altering the liquid structure (Gainer and Brum gard, 1982) . In vitro measurements have shown that liquid boundary layers (such as a plasma layer) of the order of 2 f-Lm could account for �95% of the resistance of oxygen transport to the red blood cell (Huxley and Kutchai, 198 1) . Although the dis tances involved in oxygen transport across the cap illary endothelium are small, it is possible that dif fusion through the liquid (plasma) layer could be quite significant in determining the rate of oxygen transport to the tissue also. We propose that this mechanism may account for the shift in the oxygen tension histogram that accompanied crocetin treat ment. However, other possible mechanisms such as alterations in blood flow or oxygen consumption cannot be eliminated completely at present. CBF was not measured in these studies because crocetin is inactivated by irradiation, which eliminated tech- The mean arterial pressure was reduced in these hemorrhaged rats as compared with the values that we observed previously in normovolemic rats re ceiving pentobarbital anesthesia (Seyde et aI., 1985) . Arterial hematocrit values were less than those reported for normovolemic animals also Seyde et aI., 1985) .
These changes, which were associated with a left shift in the PtOZ histograms as compared with those observed in normovolemic rats Seyde et aI., 1984) , were conditions that we sought in order to evaluate the possible Dawley rats with different anesthetics (Hernandez et aI., 1978; Gross et aI., 1981) . In any event, auto regulation of global CBF does not imply that local CBF is unimpaired or that tissue oxygen tension or cerebral function is maintained at normal values. To the contrary, it has been demonstrated in hemor rhaged cats that some treatments return global CBF to normal without restoring tissue oxygen tension and cerebral function (as evidenced by the EEG power spectrum), whereas other treatments im prove both the tissue oxygen profile and the cere bral function even when global CBF is not restored (Gygax and Wiernsperger, 1983) . These data imply that hypovolemia results in impairment of the cere bral microcirculation, which is evidenced by areas of low tissue oxygen tension ("patchy" flow distri bution) that may be independent of global changes in CBF and autoregulation, a concept that is sup ported by other studies also (Silver, 1976; Welsh et aI., 1978) . It should be emphasized, however, that this investigation was not designed to study hemor rhage per se. Rather, it was designed to study the potential value of crocetin in hypovolemic animals.
To this end, the investigators were "blinded" to the treatment to minimize bias in the interpretation of 1986 results, and any differences between treatments must necessarily be attributed to the actions of cro cetin.
A decrease in tissue oxygen tension reduces the relative margin of safety for adequate oxygenation of brain cells and places them at greater risk for hypoxic damage. Although the definitive PP2 value below which aerobic cellular metabolism is signifi cantly impaired is not well defined, the critical Pto2 may be in the range of 5-8 mm Hg (Davies and Bronk, 1957; Karlman et aI., 1983) . The present re sults do not verify that critical cellular hypoxia was present in the animals that received sham (saline) treatment, nor do they document that crocetin treatment protected the brain from cerebral tissue hypoxia; measures of cellular metabolites would be required to answer these issues. However, tissue oxygen profiles, as compared with metabolites, may be more sensitive indicators of impending cel lular hypoxia, especially because the metabolites tend to document the presence of cellular hypoxia and not the potential for it. A left shift in the Pto2 histogram may provide evidence of a decreased margin of safety for tissue oxygenation even in the absence of alterations in cellular metabolites, a sit uation that might occur when tissue oxygen tension approached, but was not less than, the critical value. Thus, the interpretation of the present re sults does not depend on the measurement of meta bolic parameters for confirmation, nor would our interpretations be altered if the true critical Pto2 value were outside the estimated range of 5-8 mm Hg, because the argument that crocetin treatment resulted in significantly fewer low Pto2 values would still stand.
In summary our data demonstrate that the carot enoid compound crocetin increased the tissue ox ygen tension in the parietal cerebral cortex of hem orrhaged rats. Although the mechanism of this effect was not explored, there is evidence that cro cetin increases the diffusivity of oxygen in fluids, and the results are consistent with this hypothesis.
